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Abstract—The goal of this research is to quantitatively compare
fatty acid metabolism in the hearts of Wistar-Kyoto (WKY)
normal rats and spontaneously hypertensive rats (SHR) as
a function of age, and thereby track physiological changes
associated with the onset and progression of heart failure in
the SHR model. The fatty acid analog, '>I-labeled BMIPP, was
used in longitudinal dynamic pinhole SPECT imaging studies
performed on two WKY normal rats and two SHRs every seven
months for 21 months. In previous work, we addressed issues
associated with reconstructing dynamic data acquired with a
slowly rotating camera. In this work, we address quantitative
effects of limited spatial resolution that result in underestimation
of metabolic rate from compartmental models. In particular,
blurring of activity between the left ventricular blood pool and
surrounding myocardial tissue decreases contrast between blood
input and tissue uptake time-activity curves (TACs). Standard
compartmental modeling straightforwardly accounts for spillover
of blood activity into tissue volumes. However, accounting for
spillover of tissue activity into blood volumes is more problematic.
Because of tissue spillover, there is no reconstructed voxel that
contains a pure blood TAC. Thus, we developed a method to
jointly estimate the pure blood input along with compartmental
model parameters from B-spline TACs reconstructed directly
from dynamic SPECT projection data for 11 studies. Tissue
spillover correction improved the contrast between blood in-
put and myocardial uptake curves for all studies and visually
improved the fit of the compartmental model for some studies.
Estimates of metabolic rate of '>’I-labeled BMIPP increased by an
average of 72+45% across all 11 studies, compared to estimates
obtained without spillover correction. Thus, the tissue spillover
correction method resulted in improved quantitative dynamic
imaging of fatty acid metabolism in the rat heart, even with slow
camera rotation.

I. INTRODUCTION

HE overarching goal of this research is to quantitatively
compare fatty acid metabolism in the hearts of Wistar-
Kyoto (WKY) normal rats and spontaneously hypertensive rats
(SHR) as a function of age, and thereby track physiological
changes associated with the onset and progression of heart
failure in the SHR model. The fatty acid analog, '**I-labeled
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BMIPP, was used in longitudinal metabolic imaging studies
performed every seven months for 21 months.

In previous work, we addressed issues associated with
reconstructing dynamic data acquired with use of a slowly
rotating camera [1]-[3]. The work presented here addresses
quantitative effects of limited spatial resolution in dynamic
pinhole SPECT that result in underestimation of the metabolic
rate of '2I-BMIPP in the rat myocardium. In particular,
blurring of activity between the left ventricular blood pool
and surrounding myocardial tissue decreases contrast between
blood input and tissue uptake time-activity curves (TACS).
Standard compartmental modeling straightforwardly accounts
for the spillover of blood activity into tissue volumes [4].
However, accounting for the spillover of tissue activity into
blood volumes is more problematic, and is the focus of the
work presented here. Results are presented for imaging studies
performed on two WKY normal rats and two SHRs when the
rats were age 7, 14, and 21 months.

II. METHODS
A. Pinhole SPECT Data Acquisition and System Modeling

With use of methods described in [5], dynamic cardiac pin-
hole SPECT projection data and pinhole geometric calibration
data were acquired with slow gantry rotation on a dual-head
GE Millennium VG Hawkeye SPECT/CT scanner equipped
with custom pinhole collimators (Fig. 1). For each study, an
injection of about 4 mCi of '>*I-BMIPP was performed shortly
after the dynamic data acquisition began. Data were acquired
for 60 min in l-sec time frames with an angular step of
4 degrees per frame. Collimator response was modeled via
ray tracing and excluded the effects of collimator penetration.
The system model also excluded the effects of attenuation and
scatter; however, we are currently studying these effects via
Monte Carlo simulation in a separate investigation [6], [7].

B. Fully 4-D Dynamic SPECT Image Reconstruction

The time-varying spatial distribution of '>*I-BMIPP is
modeled with use of 4-D multiresolution B-splines that are
piecewise constant in space and piecewise quadratic in time.
The 4-D splines are spatially organized on a 10x10x10
3-D grid that provides uniform sampling of 6.4 mm in each
dimension. Inside the volume containing the heart, a 3x3x3
neighborhood of these lower-resolution splines is replaced by
a 12x12x12 neighborhood of higher-resolution splines that
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Fig. 1.
tors used for quantitative dynamic imaging of fatty acid metabolism in the rat
heart.

Clinical dual-head SPECT/CT scanner with custom pinhole collima-

provide uniform sampling of 1.6 mm. The 4-D splines are
temporally organized on a 1-D grid that provides nonuniform
sampling intervals of 0-2.4, 2.4-9.4, 9.4-30, and 30-90 sec
during the first gantry rotation (Fig. 2).

With use of a fully 4-D algorithm for penalized weighted
least-squares image reconstruction that we developed, B-
spline TACs for the multiresolution voxels are estimated
directly from the dynamic pinhole SPECT projection data [3].
This yields estimates of temporal B-spline coefficients
{amn;m=1,...,M;n=1,..., N}, where M is the number
of spatial voxels and N is the number of temporal B-spline
basis functions. The estimated TAC for the m-th voxel is

N
AT () =) V™ (1), (1)
n=1
where V" (t) are temporal B-spline basis functions (Fig. 2).

C. Joint Estimation of Blood Input and Fatty Acid Metabolism

To obtain a quantitative estimate of the metabolic rate
of '2I-BMIPP in the myocardium, a one-tissue-compartment
model (Fig. 3) is fitted to TACs for higher-resolution voxels
in a 7x7x7 neighborhood centered on the blood pool. Early
myocardial tissue uptake is modeled with a single, irreversible
compartment:

¢
tissue(t) = K; / blood(7)dr, (2)
0

where K; is the metabolic rate of > I-BMIPP. Each voxel is
modeled as a mixture of blood input and tissue uptake:

voxel(t) = | f, - blood(t)] + {(1 — [ K; ~/t blood(r)dr} ;
0
3)

where f, is the fraction of vasculature in the tissue and
also incorporates the effect of spillover from the blood pool
to surrounding tissue voxels. For blood voxels, the factor
(1 — f,)K; incorporates the effect of spillover from surround-
ing tissue voxels.

Because of tissue spillover, there is no reconstructed voxel
that contains a pure blood TAC; thus, the blood input function
is assumed to be unknown and is modeled by a B-spline TAC:

N
B(t)=> b, V"(t). 4)
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Fig. 2. Piecewise quadratic temporal B-spline basis functions used to
reconstruct dynamic data acquired during the first gantry rotation.
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Fig. 3. One-tissue-compartment model used for quantifying fatty acid
metabolism during the first 90 sec after injection of '*I-BMIPP.

The temporal B-spline coefficients {b,;n=1,...,N}
are jointly estimated with compartmental model parameters
{(fI, k™);m € Q} for each voxel by minimizing the follow-
ing least-squares criterion:

> [ i - [rmsw e [ s} a0

mes)

where (2 denotes the 7x7x7 neighborhood of voxels centered
on the blood pool, T' = 90 sec, and k™ = (1— f]")K[™. Thus,
there is a total of (2-7°) + 3 = 689 parameters to jointly
estimate.

The minimization proceeds by first initializing B(t) to
the TAC for the voxel at the center of the neighbor-
hood 2. Then, optimal values for the B-spline coefficients
{bp;n=1,...,N} for B(t) are found with use of an iterative
search algorithm. Note that one does not need to search
explicitly for optimal values for the conditionally linear com-
partmental model parameters {( f/*, k"); m € (1}, as there are
unique optimal values for these parameters given B(t) [8], [9].

Values for K; reported in the results are based on the final
estimate for B(t) and the average of TACs for 12 myocardial
tissue voxels identified in static 3-D images reconstructed from
summed late data acquired 1.5-60 min after injection (Fig. 4).

III. RESULTS

The spillover of tissue activity into the left ventricular blood
pool averaged 19+10% across all 11 studies. Tissue spillover
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Fig. 4. Trapping of '2I-BMIPP in the myocardium is evident in this mid-
ventricular slice through a late 3-D static image of a WKY normal heart.
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(a) blood curve not corrected for spillover from myocardium
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(b) result of tissue spillover correction

Fig. 5. TACs for an SHR estimated (a) without and (b) with tissue spillover
correction for the blood curve. Spillover correction improves contrast between
the blood input and myocardial uptake (triangles and circles, respectively), im-
proves the fit of the compartmental model (solid line), and yields a metabolic
rate estimate (X;) that nearly doubles, from 0.64 min™' to 1.12 min™".
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Fig. 6. Metabolic rate of '>*I-BMIPP in the myocardium as a function of
age. SHR B died of congestive heart failure before 21 months.

correction improved the contrast between the blood input and
myocardial uptake curves for all studies and visually improved
the fit of the compartmental model for some studies (Fig. 5).
Metabolic rate estimates (K;) increased by an average of
72445% across all 11 studies, compared to estimates obtained
without spillover correction.

Estimates of K; obtained from corrected blood curves are
plotted as a function of age for all 11 studies in Fig. 6. The
general decline with age is what one expects. Slower rates of
fatty acid metabolism in the SHRs at 14 months, compared to
the WKY normal rats, is also expected as the SHR hearts
switch to a reliance on glycolysis as the primary pathway
for energy production during the development of heart failure.
SHR B died of congestive heart failure before 21 months.

IV. DISCUSSION

The tissue spillover correction method resulted in improved
quantitative dynamic imaging of fatty acid metabolism in the
rat heart, even with slow camera rotation.

Future work includes addressing computational issues as-
sociated with reconstructing a 4-D dynamic image from the
entire 60 min of projection data. It is anticipated that an
additional, reversible tissue compartment will be needed in the
compartmental model to account for washout of '*I-BMIPP
from the myocardium over this longer time scale.
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